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The identification of Cucurbit yellow stunting disorder virus (CYSDV) in the fall of 2006 affecting cucurbit production in the Sonoran Desert region (3, 12) was of great concern to the American melon industry. California and Arizona produce the majority of American cantaloupe and honeydew melon and a large portion of U.S. watermelon (4) . The areas in these states affected by CYSDV to date include the Imperial Valley of California, the adjacent Yuma, AZ region, and south-central Arizona. Additional production is found in the state of Sonora, Mexico, immediately south of Arizona and California. In 2006 when CYSDV first emerged in the region, Imperial Co., CA produced 114,305 metric tons of melons and 31,761 metric tons of watermelon, with a total value of US$53.1 million (2) . Arizona produced melons (cantaloupe, watermelon, and mixed melon) on approximately 36,500 acres (K. Nolte, personal communication), nearly all in areas now affected by CYSDV. Impact of the virus outbreak was immediate and widespread, with nearly 100% infection of fall melon crops in 2006 (12) and 2007, and more limited infection of 2007 and 2008 spring melon crops, with infection of the spring crops occurring shortly before harvest. The epidemics coincided with gradually increasing populations of Bemisia tabaci, biotype B, the whitefly vector responsible for transmission of CYSDV. During the initial outbreak of CYSDV, infected melon fields throughout the Imperial Valley and Yuma production region ranged from close proximity to one another to distant. For example, one infected melon field was at least 50 miles from the next nearest melon field.
CYSDV was first discovered in 1982 in the United Arab Emirates (10) , and has since spread throughout numerous Mediterranean countries and the Middle East (1, 5, 7, 16, 21) . The first identification of CYSDV in North America occurred in the Rio Grande Valley of Texas in 1999 (11) .
The virus remained confined to the Rio Grande Valley until the fall of 2006, when it emerged in the Sonoran Desert melon production region (3, 12) . In 2007, CYSDV was found in the southeastern United States (Florida) as well (17) . Initial symptoms of CYSDV on cucurbits consist of leaf mottling that eventually coalesces, resulting in interveinal chlorosis or yellowing, with major veins remaining predominantly green (5, 21) . CYSDV infection causes a 30 to 50% reduction in yield (1, 15) resulting from a dramatic decrease in fruit sugar (brix). The virus has a relatively long latent period in infected plants, often not inducing symptoms until 3 to 4 weeks after infection by viruliferous whiteflies (21) .
Previous studies indicated a very narrow host range for CYSDV, restricted to members of the Cucurbitaceae (5) . Subsequent research identified lettuce as an experimental host (21) for use in differential host range analyses, although the virus had not been detected in lettuce from the field. Criniviruses have widely diverse host ranges, from Beet pseudo yellows virus, which infects an exceptionally broad array of hosts including members of at least 12 taxonomic families (8, 18, 19) , to CYSDV, which with the exception of lettuce was believed to be restricted to members of the Cucurbitaceae.
Melon production ceases in the Sonoran Desert region during the late fall and winter months, with new planting beginning in March and April. Survival of CYSDV during this period and its rapid reemergence in melons as whitefly populations increase following the largely cucurbit-free winter months suggested the possibility of as-yet-unidentified weed or alternate crop hosts that could serve as virus reservoirs. This was particularly apparent following an extended freeze in January 2007 that likely would have killed most nonperennials, including most volunteer melons. Such alternate host reservoirs could provide a conduit from the fall to spring melon crops. Similarly, alternate hosts may provide a reservoir to facilitate early infection of fall melon crops by providing a steady source of virus for the rapidly increasing whitefly vector population.
In order to gain knowledge of potential reservoir hosts in the desert melon production regions of California, Arizona, and northern Mexico, samples of possible non-cucurbit host plants were collected from areas in and near melon fields in California's Imperial Valley. Reverse transcriptionpolymerase chain reaction (RT-PCR) amplification of two regions of the CYSDV genome followed by DNA sequencing were used to verify infection of new hosts, and transmissions were conducted from approximately one-third of the newly identified hosts to confirm that whiteflies can transmit from these hosts back to cucurbits. This study greatly expands the previously known host range of CYSDV, identifying several reservoir hosts that can allow whiteflies to transmit CYSDV to cucurbits, and demonstrating CYSDV infection in members of seven taxonomic families in addition to the Cucurbitaceae.
MATERIALS AND METHODS
Virus isolates. The primary CYSDV isolate used for host range and vector transmission analysis was obtained from a commercial melon field in Imperial County, CA during the fall of 2006. This isolate, known as the Imperial Isolate, has been maintained in melon (Cucumis melo L.) and zucchini squash (Cucurbita pepo) in growth chambers at the USDA-ARS in Salinas, CA, and transferred from plant to plant by its whitefly vector, B. tabaci biotype B. Additional source plants consisted of field plants collected in and around melon fields in Imperial County, CA and Yuma County, AZ, that were confirmed to be infected with CYSDV using primers to the HSP70h gene (12) or the coat protein (CP) gene (17) . Some source plants for transmission were developed by inoculation with the Imperial Isolate of CYSDV using B. tabaci biotype B. In such cases, melon or zucchini squash plants inoculated approximately 30 days earlier, expressing typical CYSDV interveinal yellowing symptoms and confirmed by RT-PCR to be infected by CYSDV, were used for transmission to test plant species of interest.
Vector source. Colonies of B. tabaci biotype B were maintained virus-free in insect-proof cages in isolated growth rooms at temperatures ranging from 26 to 32°C. The whitefly source colony was originally collected in 1990 from melon (Cucumis melo L.) in the Imperial Valley of California, and has been reared on broccoli (Brassica oleracea L.). The colony has been tested every 6 months on average by isozyme analysis (13) or RT-PCR using mitochondrial DNA primers (9) to confirm purity and prevent accidental contamination by alternate biotypes.
Sampling of wild plants for CYSDV. To determine potential reservoir hosts for CYSDV transmission in the desert production region, 210 weed and crop plants were collected from areas within and bordering fields containing CYSDV-infected melons, from September 2006 through November 2008. Infected fields were found in all areas of California's Imperial Valley and throughout the melon production region surrounding Yuma, AZ. Plants sampled are listed in Table 1 . The plant samples were examined for possible symptoms, total nucleic acids were extracted as described below, and extracts were tested for the presence of CYSDV by RT-PCR using CYSDV HSP70h-and/or CP gene-specific primers (12, 17) . Positive controls consisted of total nucleic acid extract from CYSDV-infected melon or zucchini. Healthy control plants of each species, raised in a nursery greenhouse at the USDA-ARS in Salinas, CA, were used as negative controls for RT-PCR when possible. When known healthy sources were not available for field plants, healthy controls consisted of healthy melon, zucchini squash, or the closest known relative available. Healthy controls for all field infections were negative for CYSDV using both HSP70h and CP primer sets.
Vector transmission, experimental host range, and reservoir hosts. In order to determine the infectivity of CYSDV on noncucurbit plants, large numbers of B. tabaci biotype B were allowed acquisition access periods (AAP) of 48 h on CYSDVinfected cucumber, melon, or zucchini source plants, with source plant infections approximately 4 to 5 weeks old exhibiting strong symptoms. Following virus acquisition, whiteflies were transferred to leaf cages by briefly chilling them at 4°C to immobilize them. Cages containing 40 to 100 whiteflies each were clipped to the underside of a leaf of each test plant for 48-h transmission periods. Following inoculation of plants with CYSDV via whiteflies, the plants were sprayed with Resmethrin (Whitmire Inc., St. Louis, MO) to kill adult and immature whiteflies, and placed in net cages (54 mesh) within growth chambers for 4 weeks. Growth chambers were maintained at 27°C with 14-h days for the duration of experiments. One week postinoculation, inoculated leaves were removed from plants to prevent any remaining whitefly nymphs from maturing to adults.
In order to determine if newly identified noncucurbit and wild cucurbit hosts could serve as reservoirs of CYSDV for transmission back to cucurbits, transmissions were conducted from infected host plants to melon. CYSDV-infected leaves of newly identified hosts collected from field isolations as well as leaves from experimental host range tests were used as CYSDV sources. Adult B. tabaci biotype B were allowed 48-h AAP on infected source plant leaves of each test host, as well as melon (Cucumis melo 'Top Mark') and/or zucchini (Cucurbita pepo 'Black Beauty'). Following acquisition, whiteflies were placed in leaf cages that were subsequently clipped to melon or zucchini leaves (75 whiteflies per cage, one cage per plant), and transmissions were performed as described above for experimental host range tests.
Molecular analyses. Total nucleic acids were extracted from leaf tissue according . Amplification conditions consisted of 5 min denaturation at 95°C, followed by 35 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min., with a final extension at 72°C for 10 min. RT-PCR reaction products were separated by electrophoresis in 1% agarose gels and stained with ethidium bromide to determine the presence or absence of target bands. One or more RT-PCR products were sequenced and verified as the expected CYSDV sequence for each positive host plant species to confirm specificity of the products (TACGen, Richmond, CA).
RESULTS
CYSDV-infected melon fields were widely dispersed throughout the desert melon production region encompassing California's Imperial Valley and the Yuma, AZ production region during the sampling period. A small number of spring-planted fields were confirmed positive each year; however, nearly all fall-planted melon fields throughout the region became infected by October of each year, based on RT-PCR confirmation and limited sequencing. Most noncurcurbits collected from infected melon fields and nearby areas were symptomless and tested negative (68%) for the presence of CYSDV (Table  1) . However, at least one plant of the following species tested positive for the presence of CYSDV using RT-PCR with both sets of primers: alfalfa (Medicago sativa L.), snap bean (Phaseolus vulgaris L. cvs. Shade and Sahara), romaine lettuce (Lactuca sativa L., cultivar unknown), sowthistle (Sonchus sp.), Wright's groundcherry (P. wrightii Gray), silverleaf nightshade (Solanum elaeagnifolium Cav.), alkali mallow (Sida hederacea Torr.), common mallow or cheeseweed (Malva neglecta Wallr.), lambsquarters (Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.), five hook bassia (Bassia hyssopifolia (Pall.) Kuntze), and London rocket (Sisymbrium irio L.) ( Table 1 , Fig.  1 ). In total, 12 of 21 different noncucurbit species from nine families, collected over a 2-year period, were confirmed as hosts of CYSDV. These new CYSDV hosts represent seven distinct noncucurbit families.
Of the plants collected from areas near fields in which CYSDV was detected, only groundcherry and snap bean exhibited symptoms typical of crinivirus infection, specifically interveinal yellowing and leaf brittleness. Alkali mallow (S. hederacea) was often observed in the field with a generalized interveinal yellowing; however, the symptom was not consistently associated with CYSDV infection. Similarly, alfalfa (M. sativa) sometimes exhibited leaf yellowing, but not all CYSDV-infected alfalfa plants exhibited the yellowing symptom, and alfalfa plants were not tested for the presence of other viruses that could have caused the yellowing symptoms. Romaine lettuce, although infected with CYSDV, did not exhibit any visible foliar symptoms or obvious yield effects due to CYSDV infection. Redroot pigweed (A. retroflexus) and London rocket (S. irio) were observed with some interveinal yellowing, but it was unclear whether the symptoms were the result of CYSDV infection or the result of other factors. Infected silverleaf nightshade (S. elaeagnifolium), five hook bassia (B. hyssopifolia), and lambsquarters (C. album) plants were symptomless.
Identification of potential crop and weed reservoir hosts. Laboratory transmissions were conducted from CYSDVinfected melon and cucumber maintained in growth chambers at the USDA-ARS in Salinas, to a wide range of plant species that either grow as weeds or are grown commercially or privately in the American Desert Southwest, including summer and winter crop plants, weed species common to the region, and available relatives when seed of local weeds were not available. Additional laboratory test plants were also evaluated. Transmission results ( Table 2) confirmed both romaine and bibb lettuce as hosts of CYSDV, as expected based on a previous report (21) . Transmission tests also resulted in infection of two cultivars of snap bean, with 3/4 plants of the cultivar Shade and 3/5 plants of the cultivar Top Crop becoming infected with CYSDV following transmission experiments involving 75 viruliferous whiteflies ( Table  2) . Although a third snap bean cultivar, Sahara, was not infected during transmission tests, plants of this cultivar collected from a field in the fall of 2008 were confirmed infected with CYSDV. Transmission results also confirmed highly efficient infection of buffalo gourd (C. foetidissima), a wild cucurbit common in the Sonoran Desert production region, and moderately efficient infection of P. wrightii, a weed prevalent in desert melon fields (Table 2). Transmission from melon to alkali mallow (S. hederacea), another common weed, resulted in very dramatic interveinal chlorosis (Fig. 2 ) much more distinctive than the standard yellowing that was observed in many noninfected field samples.
To determine the ability of some of the newly identified hosts to serve as virus reservoirs, additional transmission tests were conducted using sources of each host plant generated through laboratory transmission studies. Infected leaves from five of the newly identified hosts-romaine lettuce (L. sativa cv. Valmaine), alkali mallow (S. hederacea), snap bean (P. vulgaris cv. Shade), Wright's groundcherry (P. wrightii), and buffalo gourd (C. foetidissima)-were used as CYSDV source plants for whitefly transmissions to melon, using 75 whiteflies per plant for each transmission. Experimental transmission from romaine lettuce resulted in CYSDV infection in 8/9 melon plants. Transmission of CYSDV from infected alkali mallow resulted in 6/17 infected melon plants. Transmission from snap bean (P. vulgaris) resulted in 2/13 infected melons, transmission from P. wrightii resulted in 2/6 infected melons, and all (6/6) melons became infected with CYSDV following transmission from buffalo gourd (C. foetidissima).
Transmission from field source plants confirmed to be infected with CYSDV was attempted with alfalfa (M. sativa), lettuce (L. sativa), and Wright's groundcherry (P. wrightii). These tests involved using plant tissue obtained from the field and confirmed by RT-PCR to contain CYSDV. None of the transmissions were successful in individual tests using lettuce and Wright's groundcherry, or duplicated tests using alfalfa. In all cases, infected source plants had experienced significant desiccation between the time of collection in the field and arrival in the lab. Whiteflies were placed on the plant material quickly after arrival in the lab, while extraction and RT-PCR were being performed to determine infection status. In all cases, however, poor whitefly feeding was observed based on the large number of dead whiteflies in the cages and limited numbers feeding on leaves at the end of virus acquisition. In contrast, field samples of CYSDV-infected melon leaves were effectively used for transmission. Transmission from fieldinfected noncucurbit host plants was discontinued due to the lack of effectiveness of this approach.
DISCUSSION
Although the most efficient hosts of CYSDV are predominantly members of the Cucurbitaceae, noncucurbit hosts are also likely to be important for survival and maintenance of CYSDV in the environment of the American Desert Southwest, as well as in other parts of the world where these hosts or their relatives occur near cucurbit production. The studies described herein identified several cultivated and weedy plant species common to the southwestern desert melon production region that not only can be infected by CYSDV, but also can serve as reservoirs for transmission of the virus to cucurbit crops by Bemisia tabaci. This new knowledge broadens previous information on the host range of CYSDV and emphasizes the importance of additional studies on the epidemiology of this emergent virus affecting yield and quality of melons at the center of American summer melon production.
Prior to these studies, it was well known that most cucurbit crop species were highly susceptible to CYSDV. The goal of this work was not to revisit infection of cucurbits, but to identify possible noncucurbit hosts. To this end, experiments examined a wide range of plant species that either grow as weeds or are grown commercially or privately in the American Desert Southwest, including summer and winter crop plants and weed species common to the region. Three crop hosts in addition to cucurbits, alfalfa, lettuce, and snap bean, as well as several weed species were confirmed as new host plants of CYSDV. In order to avoid false positives, nucleic acid extracts of plants collected from within and around melon fields were tested using two distinct sets of RT-PCR primers, followed by sequencing for confirmation of target in each RT-PCR positive host. Further confirmation, when possible, involved laboratory-based transmission of CYSDV from melon or cucumber to the same plant species identified as infected from the field sampling, followed again by RT-PCR confirmation and selective sequencing. Finally, identification of potential reservoir hosts was determined through whitefly-transmission from selected noncucurbit hosts to melon. This three-phase approach lends a level of confidence to these studies by providing multiple levels of confirmation.
Of the three noncucurbit crop hosts of CYSDV, alfalfa is grown on the largest acreage, and is arguably the most widely grown crop in the American Desert Southwest. Its ability to be infected by CYSDV is of great concern. Similarly, this region also produces the majority of American winter lettuce, resulting in a vast amount of lettuce with the potential to sustain CYSDV over the winter months. Interestingly, it was not possible to transmit CYSDV from alfalfa. It is possible that lack of transmission was due to the age or quality of the infected alfalfa source plants, since it is well known that virus titers in host plants often decline with plant age, and infection of alfalfa plants in the field could date back as far as fall 2006 during the initial emergence of CYSDV in the region. Furthermore, field samples of alfalfa were somewhat desiccated upon arrival, and this may have influenced vector feeding. Future studies will examine transmission from younger, lab-inoculated alfalfa plants in an effort to clarify transmission efficiency from this host. Regardless, the ability of alfalfa to harbor CYSDV provides a perennial reservoir of the virus that would survive extended freezes, making it an essentially permanent reservoir. Further studies will need to examine the concentration of CYSDV in alfalfa, lettuce, and other newly identified hosts relative to transmission efficiency as has been done for other criniviruses (20) . Another important crop reservoir host of CYSDV is lettuce, which is grown during the winter months in the Sonoran Desert, ranging from the Imperial Valley of southeastern California to adjacent areas in western Arizona and northern Mexico. This contiguous growing region produces most of the winter lettuce for the U.S. market and encompasses broad acreage, covering much of the same area where melons are grown during the spring and fall cropping seasons. The vast acreage of lettuce during the non-melon-growing season may provide an important reservoir for the survival of CYSDV during a time in the year that whitefly populations are low and cucurbits are rare. Although only a small percentage of lettuce samples collected from the field were infected with CYSDV, this crop may still be an important source of CYSDV for transmission to cucurbits. The whitefly vector of CYSDV, B. tabaci biotype B, readily feeds on lettuce. Furthermore, transmission studies using 75 whiteflies per plant demonstrated highly efficient transmission of CYSDV from lettuce to melon. Although 75 whiteflies per leaf is probably low for whitefly populations during the summer months, lettuce is usually grown during the cooler seasons when whitefly populations are lower. This can lead to lower efficiency of transmission due to decreased whitefly populations on plants. Due to the abundance of lettuce during the predominantly melon-free winter period, however, and the desirability of lettuce as a host for B. tabaci, infected lettuce may be a significant overwintering reservoir for CYSDV that could lead to transmission to cucurbits or other alternate hosts. Additional studies will be necessary to fully understand the role lettuce plays in the epidemiology of CYSDV in the southwestern desert production region.
Three snap bean varieties were tested as potential reservoir hosts for CYSDV based on the identification of infected snap bean in the Imperial Valley (Table 1) . Previous studies in Spain indicated that CYSDV did not infect bean (5) . Transmission tests to determine the ability of CYSDV to infect bean were particularly important since leaves of snap bean plants collected from the field had a significant amount of honeydew (excreted by whiteflies during feeding). This created concern that positive identifications on bean could have resulted from CYSDV residues deposited on the surface of the leaves during vector feeding rather than from systemic infection by the virus. Obvious prevalence of honeydew on leaves was only apparent on field isolates of bean and melon.
Transmission experiments conducted under controlled growth chamber conditions followed by RT-PCR and sequencing confirmed infectivity of CYSDV on snap bean cultivars Shade and Top Crop, whereas RT-PCR and sequencing of symptomatic field plants confirmed infection of cultivars Shade and Sahara. Infected bean plants from growth chamber transmission experiments also exhibited interveinal yellowing and stunting symptoms similar to those observed on bean plants in the field. Furthermore, CYSDV was efficiently transmitted from infected snap bean cv. Shade back to melon, demonstrating the potential of snap bean to serve as a reservoir host. It is not clear why our studies differed from those conducted in Spain (5), since similar methods were used for transmission. No cultivar was named in the Spanish study, so the possibility of limited cultivar-specific infection may exist, although this is qualified by infection of all three cultivars tested in the present study. Bean is not widely planted in the desert production region, but growers in this area and others where the two crops are grown together should be aware of the potential for bean to act as a CYSDV reservoir from which whiteflies could carry the virus into nearby melons or other cucurbits.
Other potentially important CYSDV reservoir hosts in desert areas include buffalo gourd, which grows as a perennial cucurbit in cultivated rangeland and foothill areas, and the common weeds Wright's groundcherry, silverleaf nightshade, alkali mallow, London rocket, and some Chenopodium species. All of these species are common throughout fields and rangeland in the Desert Southwest. Silverleaf nightshade (S. elaeagnifolium) and alkali mallow (S. hederacea) are native perennials, common year-round in the desert. P. wrightii and Chenopodium species are annuals common throughout all but the coldest periods; however, due to low frequency of freezing temperatures (near or below 0°C) in this region, both can occasionally survive through multiple seasons. Whitefly populations can be exceptionally high in the fall season throughout the desert growing regions, feeding on both preferred and nonpreferred hosts. The ability of many of the newly identified host species to persist through the winter in desert growing areas, and the abundance of these common weeds, make them potentially important reservoirs for CYSDV as well.
The roles of many of these newly identified hosts in the epidemiology of CYSDV in the Desert Southwest will require further study. P. wrightii is an excellent host for maintenance and transmission of a wide array of criniviruses; however, CYSDV was not transmitted to P. wrightii in controlled experiments as efficiently as are many other criniviruses. P. wrightii is widely distributed throughout the region, is a common weed in melon fields, and is a preferred feeding host for B. tabaci. CYSDV infection of P. wrightii provides an excellent reservoir from which whiteflies can acquire CYSDV, leading to transmission to cultivated cucurbits. Like P. wrightii, alkali mallow and silverleaf nightshade are widespread throughout the desert melon production area and are common in fields and along borders; and as perennials, infected plants could potentially re-emerge each year, even after a freeze. It is common to see alkali mallow with yellowing symptoms; however, these symptoms do not always correlate with infection by CYSDV. Infection of alkali mallow would provide an abundant reservoir, but only 2/24 alkali mallow plants collected from fields and adjacent areas were actually confirmed to be infected with CYSDV even when cucurbits in the surrounding fields were nearly universally infected with the virus (Table 1) . On the other hand, transmission from alkali mallow to melon was 35% in transmission experiments. Seed of silverleaf nightshade was not available for transmission experiments, but the high percentage of infected field plants from this species suggests it is likely significant in the overall epidemiology of CYSDV in the desert production region. Ongoing epidemiological studies should clarify the role of these and other weed hosts as potential reservoirs for transmission to cucurbits.
Buffalo gourd (C. foetidissima), a wild cucurbit species common in uncultivated areas and foothill regions of the Desert Southwest, is likely a significant reservoir host for CYSDV. Infected C. foetidissima was not found in the field during virus surveys of weed species; however, growth chamber tests demonstrated 100% infection of C. foetidissima test plants during transmission experiments from infected melon. Subsequent transmission back to melon from infected C. foetidissima also resulted in 100% infection of melons. Consequently, this perennial wild cucurbit is likely an excellent reservoir for virus survival during the winter months when crop reservoirs are not present.
There is a need for more research on factors influencing the epidemiology of CYSDV in the Desert Southwest. Information on whitefly population fluctuations, timing of initial emergence of CYSDV in spring melons and weed hosts, the impact of host plant age on virus concentration, and the role of climatic conditions in virus prevalence and vector abundance will be needed to more fully understand CYSDV epidemiology in this new environment. Information presented here, along with further analysis, will provide insight into epidemiology and lead to improved strategies to reduce impact of CYSDV in cucurbit production in the desert and in other areas. As this virus is identified in new regions throughout the world, appropriate regional host range analysis may lead to identification of further virus reservoir hosts.
